Nanotechnology has become an overused adjective, but there has been justified excitement in the context of structural materials. A class of iron alloys has been discovered in which a high density of strong interfaces can be created by heat-treatment alone. The packing of interfaces is so large, and the fact that there is an intrinsic work hardening mechanism in the structure, leads to remarkable properties. The genesis of this structure, its commercialization, the new science associated with the discovery, and its limitations are all explored in this short review.
Introduction
Nanostructured structural-materials are the fashion of the day, but to take the concept to a point where it can be exploited commercially has until recently been impossible. The purpose of this review is to describe the process that led to the creation of a practically useful nanostructured engineering alloy. We first set the scene by describing the origins of strength and why a refinement of crystal size in such a material is important.
One of the basic tenets of metallurgy is that disruptions in the orderly arrangement of atoms lead to strengthening as long as the temperature and time-scales of the experiment are sufficiently small to prevent the diffusion of atoms. Single crystals can therefore be strengthened by introducing foreign atoms that form solutions which are not ideal from a thermodynamic point of view, or by the presence of high-entropy defects such as vacancies or self-interstitials. Other more macroscopic defects such as stacking faults and dislocations serve the same purpose. The volume of the single crystal influences its strength when it becomes comparable to the volume per defect. This is because it is more likely that a small crystal can be perfect; the deformation of a perfect crystal requires a coordinated movement of large numbers of atoms, whereas the propagation of localized disturbances permits the easy slip of imperfect crystals [1] . The shape of a single crystal may also correlate with strength because many of the intrinsic properties of all crystals, such as the elastic modulus and magnetization, are anisotropic.
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Additional degrees of freedom are introduced when identical crystals form polycrystalline aggregates. Both the orientation of the resulting grain boundaries, and the relative orientations of the crystals that they connect, can then be varied independently. These boundaries not only provide barriers to the motion of dislocations but in ductile materials, their presence requires that each crystal must be able to slip on at least five independent slip systems, thus greatly increasing the work hardening accompanying plastic deformation.
The next stage of complexity comes when the objects within a polycrystalline material are of different crystal structure. It then becomes more difficult to define the nature of the grain boundaries and their ability to obstruct the flow of matter. Such boundaries are often referred to as interphase interfaces and they should in general be more formidable obstacles to dislocation motion. This is illustrated by the fact that grain boundaries can be eliminated by a rigid-body rotation of one crystal relative to the other, whereas a more general deformation is required to achieve the same effect for interphase interfaces [2, 3] . The mixture of phases can be in the form of fine precipitates dispersed in a matrix, or as multiple phases, each of which comprises a fair proportion of the overall structure.
The dependence of strength on grain size is often expressed in terms of the Hall-Petch equation [4, 5] for equiaxed structures, and a different dependence for thin plate shaped grains [6, 7] . In the first case the strength depends onL −1/2 and in the second onL −1 whereL is the mean lineal intercept as a measure of the effective grain size. Not only is strength affected by refiningL, but so is the distance across which a brittle crack may propagate unhindered. Therefore, unlike many other mechanisms of making strong materials, grain boundaries simultaneously strengthen and toughen polycrystalline materials, where toughness refers to the ability of the material to absorb energy during fracture. It is possible also for one or more of the phases to undergo transformation into an alternative structure during deformation. If this happens to create a stronger phase then the work hardening rate can be enhanced. Transformation induced plasticity (TRIP) steels are a classical example of how deformation by moving interfaces [8] leads to greater ductility by delaying the onset of plastic instability (necking) during tensile testing [9] .
It is in the context of this basic knowledge about strength that intense activity started some 15 years ago to progress from the tremendous success of thermomechanically processed microalloyed steels where the grain sizes achieved in billions on tonnes of materials routinely reach 10 µm [10, 11] , and occasionally approach 1 µm [12] . It was logical, therefore, to aim for even smaller grain size in the hope of fuelling the next generation of strong and tough steels that can be mass produced.
Nanostructure
The term 'nanostructure' has unfortunately become a generic reference to a wide range of grain and precipitate structures. For present purposes it is defined to represent cases where the interfacial area per unit volume, S V , is large enough to make the governing length scaleL = 2/S V comparable to the dimensions of carbon nanotubes, i.e., of the order 20-50 nm. There is logic behind this definition, as illustrated by the data in table 1. Thus, a coarse-grained structure containing nanoparticles, or a structure referred to as nanobainite but which has a scale closer to micrometres does not have a large S V and hence is not strong. Figure 1 shows that the amount of surface per unit volume only becomes sensitive to the grain size when the latter is below about 50 nm.
Design
There are formidable difficulties in creating novel nanostructures which have the combination of properties appropriate for large-scale applications [20] . Severe deformation including mechanical milling, equal channel angular processing and high-pressure torsional straining have not succeeded in this respect. Martensitic transformation can produce the fine structures but require either rapid cooling or large concentrations of substitutional solutes in order to through-harden components. Based on the above discussion, it is necessary to define some design criteria which, if not satisfied, would render the material only of academic interest [20, 21 ]:
1. It should ideally be possible to manufacture components which are large in all dimensions, not simply in the form of wires or thin sheets. 2. There are commercially available steels in which the distance between interfaces is of the order of 250-100 nm. The novelty is in approaching a structural scale in polycrystalline metals that is an order of magnitude smaller. 3. The material concerned must be cheap to produce if it is not to be limited to niche applications. A good standard for an affordable material is that its cost must be similar to that of bottled water when considering weight or volume.
All of these conditions can in principle be met by the phase transformation of austenite into bainite, partly because the reaction is particularly amenable to control by either isothermal or continuous cooling heat treatment. Furthermore, the transformation is displacive, i.e., it leads to a shape deformation which is macroscopically an invariant plane strain with a large shear component, as illustrated in figure 2. In order to minimize strain energy, the product is therefore in the form of thin plates, which, because they are lengthy, have a mean free slip distance of only twice the thickness. In other words, the grain size is related to the thickness rather than the length.
It has been known that the platelets of bainite become thinner as the transformation temperature is reduced, and modern analysis confirms this [23, 24] . What then is the lowest temperature at which bainite can be generated? The lower limit must represent the martensite start temperature, so the answer lies in suppressing both the bainite and martensite start temperatures, and it is necessary to resort to detailed calculations. The atomic mechanism of the bainite reaction is not yet fully understood or appreciated [25] but, as demonstrated in a compendium 1 , there has been sufficient progress to enable the quantitative design of useful steels.
The highest temperature at which bainite can form in a steel of fixed composition is known as the bainite start temperature (B S ), and the corresponding temperature for martensite, M S , is similarly defined. The theory determining these start temperatures has been described elsewhere [26] [27] [28] . Figure 3(a) shows, for an example steel, how the B S and M S temperatures vary as a function of the carbon concentration. There appears to be no lower limit to the temperature at which bainite can be generated. On the other hand, the rate at which bainite forms slows down dramatically as the transformation temperature is reduced ( figure 3(b) ). It may take hundreds or thousands of years to generate bainite at room temperature. For practical purposes, a transformation time of tens of days is reasonable, corresponding to a carbon concentration of about 1 wt%, in which case bainite can be generated at a temperature as low as 125
• C, which is so low that the diffusion distance of an iron atom is an inconceivable 10 −17 m over the time scale of the experiment. Diffusion of iron is not of course necessary since the transformation is displacive.
A steel designed on this basis was manufactured and characterized [13, 30, 31] ; figure 4 shows the structure 1 obtained following isothermal transformation at 200
• C, consisting of platelets of bainitic ferrite only 200-400 Å thick, with intervening regions of the parent austenite (γ ). This retained austenite is important because when it undergoes stress or strain-induced martensitic transformation, it enhances the work-hardening capacity of the material, thereby avoiding the usual problem of fine-grained metals where ductility diminishes as the grain size is reduced [32, 33] . Since the original work, many variations of the alloy have been studied and the structure has been characterized, both chemically and spatially to an atomic resolution. The details are described elsewhere [20, 34] , but it is important to note that the material is now fully commercialized [35] and can be bought in the thousands of tonnes. Some photographs of the commercial product are given in figure 5 . The strength can be as high as 2.5 GPa [20] with excellent combinations of strength, ductility [36] [37] [38] , toughness [20, 39, 40] , fatigue resistance [41, 42] and wear resistance [43, 44] ; some of the properties are displayed in figure 6 . There have even been powder metallurgical variants where a strength of some 1800 MPa and a ductility of about 6% is obtained in spite of an oxygen content of 0.23 wt% [45] .
The story of the bulk nanostructured steel goes beyond the process of design and commercialization; the work has stimulated a large amount of academic and industrial research, some of which has had a profound influence on the subject. The outcomes up to the year 2010 have already been reviewed [20] , so the focus below is on some new discoveries since then.
Excess carbon in bainitic ferrite
The maximum solubility of carbon in ferrite that is in equilibrium with austenite is a little greater than 0.02 wt% at a temperature of about 600
• C due to the retrograde shape of the α/α + γ phase boundary [47, 48] . It has been known in this context that bainitic ferrite is supersaturated with an excess of carbon [49] [50] [51] [52] . This carbon fails to partition into the residual austenite in spite of the fact that the process is not limited by atomic mobility [53] . In fact, the accumulated evidence demonstrates that the carbon inherited by bainitic ferrite is reluctant to partition into the residual austenite in spite of prolonged heat treatment [49, [54] [55] [56] [57] [58] . The early interpretations of these observations attributed the reluctance of the carbon to partition on the presence of dislocations which trap the solute. However, recent work has shown conclusively using the atom-probe technique that large quantities of excess carbon remain in defect-free solid solution [59, 60] .
A possible explanation is that the tetragonality caused by the presence of carbon changes the equilibrium between austenite and body-centred cubic ferrite [61] . Since the symmetry of the ferrite is changed, thermodynamic data were calculated using ab initio methods, and subsequently incorporated into phase diagram calculations. The results are shown in figure 7 where it is clear that the solubility of carbon in tetragonal ferrite in equilibrium with austenite is much larger that that for cubic ferrite. It is possible therefore that the change in symmetry of the ferrite may explain the observed reluctance for the 'excess' carbon present in bainitic ferrite to partition into the residual austenite despite prolonged heat treatment. The tetragonality may exist over a long range, but the possibility of a domain structure such as that found in minerals which undergo cubic to tetragonal transitions, should not be ruled out.
Consequences on the mechanism of transformation
The frenzy of activity that followed the discovery of nanostructured bainite has in some cases revealed vital information about the choreography of atoms during the transformation:
1. It is now clear that the crystallography of the low-temperature bainite platelets is such that there is an exceptionally large shear strain of ≈0.46 accompanying transformation [22] , which compares with bainite formed at elevated temperatures where the strain is ≈0.26 [62] . This goes some way towards explaining why the plates are so thin since the strain energy per unit volume scales with the square of the shear strain [63] . The reason why the crystallography changes for the lower transformation temperatures involved is not established. 2. Deep studies with atomic resolution by Caballero and co-workers in particular [60, 64, 65] , and others [58] have confirmed the presence of carbon at dislocations and boundaries, as postulated on the basis of early atom probe studies [49] . There is also some evidence of the presence of incredibly small carbides present in a structure which is often thought to be a mixture of just bainitic ferrite and retained austenite. Other observations such as the incomplete-reaction phenomenon and the configurational freezing of the substitutional solutes are all consistent with a vast body of previous research [66] . 3. The most exciting discovery from the atomic resolution studies is definitive proof that the excess carbon in bainitic ferrite is not just found at defects, but is present in solid solution [59, 60] . This is an insightful result which can only be explained by the displacive transformation mechanism. 4. In contradiction to studies of the hardness of retained austenite and bainitic ferrite in high-temperature bainite [67] , the nanohardness of the thin bainite platelets in the nanostructured steel exceeds that of retained austenite [68] . The probable explanation is first the fine scale of the plates and second, the excess carbon that they contain, when compared against bainite generated at higher temperatures. 5. Since rapid cooling is unnecessary to generate the nanostructure, it has been suggested that residual stresses or the associated distortion due to heat-treatment should be minimal [21] . A recent study [69] confirms this for the nanostructured bainite, although the results are misinterpreted in terms stress relaxation in the retained austenite, whereas the observations are macroscopic and better explained in terms of the homogeneous temperature achieved by the steel prior to transformation. In terms of the mechanism of the phase change, it has been demonstrated that the transformation plasticity characteristic of displacive transformations and crystallographic variant selection occurs when the nanostructure is generated under the influence of an externally applied stress [70] . 
Welding
The nanostructured bainite has been successfully commercialized but only for applications which do not require welding. This is because the class of steels which leads to the desired structure contains a high carbon concentration, a carbon equivalent in excess of 1, which in normal circumstances would be considered unacceptable for welding. Indeed, autogenous laser welding of a typical high-carbon bainitic steel (Fe-0.8C-1Si-1.5Mn-1.8Al wt%) has been shown to lead to dramatic cracking within the martensitic weld nugget which has a hardness of 800 HV [71] . However, it has been shown by experiment that by trailing an induction heating coil behind the moving laser beam, it is possible to avoid such cracks. The induction coil heats up the nugget at some 100 • C s −1 to a temperature of 800 • C, followed by cooling at 40
• C s −1 , reducing the hardness to just 350 HV and eliminating cracking. This would also explain the observed softening. The hardness variations from the centre of the weld are illustrated in figure 8(a) .
It was argued in the original work [71] that the rapid heating leads to the displacive formation of austenite, but the evidence presented is weak. Consistent with microstructural and chemical information presented in the paper, it is likely that the partial transformation to austenite occurred by a reconstructive mechanism leading to a mixture of austenite (γ ), tempered bainite (α) and cementite during the heating stage ( figure 8(b) ).
The work by Hong and co-workers [71] deals with welding rather a soft bainite (≈320 HV) generated by transformation at 400
• C. It does not therefore address potential problems associated with the heat-affected zone of welds when joining the strong, nanostructured bainite with a hardness of about 650 HV. A recent review [72] for the welding of strong bainite concludes that there are three issues to consider: (a) brittle martensite formation in both the fusion zone and the heat-affected zone in its close proximity; (b) the formation of cementite in the heat-affected zone further away from the weld, and (c) cold cracking in the weld itself. These issues have not yet been investigated in detail and there are no studies in the open literature which relate the changes in structure to engineering properties. This could in principle be a fertile field of study if an application is found for strong bainite which requires joining.
Summary
The world's first bulk nanostructured metal is now in production; its essence lies in detailed solid-state phase transformation theory, meticulously researched and argued over many decades. There is now a framework of knowledge which allows such materials to be developed systematically, beginning with calculations that define experiments.
The weakness of the nanostructured bainite is that it cannot at the moment be satisfactorily welded. This limits its applications to objects which do not require joining, such as armour, shafts and bearings. It would be good to focus technological research in this area to develop practical and cheap methods which might turn out to be generically helpful for strong steels.
It has not been possible in this short review to address the fact that combinations of properties need to be optimized in order for a steel concept to be successful. Strength alone is obviously not enough. It is worth in this context pointing out an exciting development where delamination is exploited to obtain remarkable fracture toughness at low temperatures [73] .
